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(57) Abstract: An electric power conversion system has an adaptable transformer turns ratio for improved efficiency. The trans-
former has multiple taps on its primary. Switching circuitry is configured to connect an energy source to the taps in at least two
modes such that the transformer operates with a first primary-to-secondary turns ratio in the first mode and with a second primary-
to-secondary turns ratio in the second mode. The first tarns ratio is greater than the second turns ratio. Control circuitry is contig-
ured to operate the switching circuitry in the first mode when a voltage level of the energy source is above a first threshold and to
operate the switching circuitry in the second mode when the voltage level is below a second threshold.
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Blectric Power Conversion System

.

Having an Adaptable Transformer Turns Ratio for Improved Efficiency

Field of the Invention
001} This invention relates generally to electric power supplies.

Background

002] An electric power supply is a device or system that is capable of providing

prrery

i

3

clectrical energy to a loadiypically by converting electrical energy from one form

o

™

to another o make the energy compatible with the loads requirements. For
example, an eleciric power supply might convert 120 or 240 volt alternating
cuerent CAC energy to low r~v0§iage, regulated divect current £DC) energy
appropriate for use by an electronic device such as a computer system. Sometimes
power supplies are integrated with the devices for which they supply energy. In
other applications, power supplies are discrete components and can be internal @

external to the load.

1003] Switching electric power supplies {also known variously as switch-mode
power supplies, swilched-mode power supplies and other similar tevms) ave those
that make use of active switching circuitry along with inductive elements {o

accomplish the energy conversion task with a minimum of energy loss. In
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switching power supplies that take their {nput from AC mains, a common
configuration is to employ rectification circuitry and bulk capacitors to create a
DC supply from the gvailable AC input. This DC supply is then provided to one
or more switching DC-DC conversion systems that generate desired DC output

fevels.

{0041 An important category of electric power suppliss are those that provide

electrical isolation. In an isolating power supply, there is no DC cireuit between

1 H

an output of the power supply and the input of the power supply. For example, in

an isolating power supply that generates a regulated low-voltage DC output from

AC maing, there would be no DO circuit between the low-voltage DC output and

g

3

he AC mains. A transformer i typically used to provide thiz slectrical isolation.

o

in isolating DC-DC conversion svstems, 8 DO supply voltage is apolied with
e o * ¥

alternating polarities to the prir windings of a transformer with the
consequence that power is transferred to the secondary windings of the

transformer. Rectification is applied to the voltage at the secondary windings.

Brief Descrintion of the Drawings

{005} Fig.1 is a schematic diagram illustrating 8 DC-DC conversion system

]

utilizing an H-bridge circnit and a transformer according to the prior art,

tm
m

10061 Fig. 2 is a wavelorm illustrating operation of the H-bridge cirenit and

transformer of Fig. 1 at a first duty cycle.

{0077 Fig. 3 is a waveform illustrating operation of the H-bridge eircuit and

transformer of Fig. 2 at a second duty cycle greater than the first duty eyele.
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{008] Fig. 4 is a schematic diagram illustrating an electric power conversion

system according to a preforred embodiment of the invention

(0091 Fig. 8 state diagram illustrating preferred behavior for the eleciric
power conversion system of Fig. 4.

{010] Fig. 6 is a graph Wlustrating one example of numerous time-varying input
voltages to which systems according to preferred embodiments of the invention

may usefully adapt.

Detatled Deserintion of the Preferred Embodiments

1611} Fig. |

ilustrates a prior art BC-DC conversion system 100, A DC energy

o

supply 102 is applied to an H-bridge circuit 104, which connects source 102 to the
primary 106 of & transformer 108 with alternating polarities. The resulting time-
arying current in primary 106 causes potential to appear across the secondary 116

of transformer 108. This potential is converted to DC by rectification circuitry

C./

112, The rectified DC is applied to an energy storage element 114, which is
typically a bulk capacitor. The voltage on energy storage element 114 may then
e used directly by a load, or may be further modified by other energy conversion

U2y

systems as indicated at atrow 116, To control the DC voltage level at energy
storage clement 114, sense civeuitry 118 may be emploved. Sense sircuitry 118
provides a feedback signal 120 to control circuitry 122, which can adjust the duty
cycle of the switching clements in H-bridge circuit 104 to achieve a desired DC

voltage level at energy storage element 114,

{012] H-bridge cireuit 104 consists of four field effect transistor (FET switching

clements 124-130. Control cirenitry 122 conneots to the gates of switching
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clements 1244130 and typically turns on altemating diagonal pairs of the switching
elements in order to apply DC energy source 102 across primary 106 with

alternating pelarity. For example, a first polarity application results when FETS
126/130 are turned on with FETs 124/128 wrned off, and 2 second polarity
application results when FETs 124/128 are turned on with FETs 126/130 turned
off,
[013] Within limits, control cireultry 122 can maintain a relatively constant
average DC voltage level at energy storage element 114 by varying the duty cycle
of switching elements 124-13¢) either in discrete increments or continuously in
response to feedback signal 120, One of several methods for contralling the duty
cycle 18 by a pulse width modulation technique Hiustrated in Figs. 2 and 3,
Waveform 200 shown in Fig. 2 llustrates a duty cyele of around 25%. In this
mode, all of switching elements 124-130 are turned off during intervals 202 and
206 so that no energy is applied to primary 106 at these times. During interval
204, two of the switching elements are turned on to produce 2 first polarity
application of energy to primary 106, During interval 208, the other two
switching elements are turned on to produce a second polarity application. When
conduction times and non-conduction times are equal, the result is a 25% duty
cycle. Waveform 300 in Fig 3 illustrates a duty cyele of arcund 50%. In this
mode, there is essentially no time during which one of the diagonal pairs of
switching elements is not conducting. Instead, energy is applied to primary 106
with a first polarity during interval 302 and with a second polarity during interval
304, Normally, the DC voltage level at energy storage element 114 will vary
proportionally with the duty cycle, reaching its maximum at 50% duty cycle and

wF

declining at lower duty cycles.
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{0141 But the inventors hereof have discovered a problers with prior art systems
such as system 1000 By design, they typically operate at duty cyveles substamtially
lower than S(Ib‘.i‘"‘é2 whereas greater efficiency can be schieved at duty cycles closer
to 50% due to the reduced dead time at higher duty cyeles. The reason why prior

L3

X

art systemns operate primarily at lower duty cyeles is that an energy conversion
system such as system 100 must be designed to tolerate a range of input voltages
supplied by energy source 102. While an expected operating point for the voltage
across source 102 might be 400VDC, for example, system 108 must nevertheles

be able to tolerate a significantly lesser input voltagesay 300VDIC, which might
oceuy temporarily during a brown out conditionand still be able to maintain the
desired DC voltage level at energy storage element 114, Prior art system 100 must
do so solely by varyiag the duty eycle of switching elements 124-130 as just
described. For this reason, designers fix the turs ratio i transformer 108 for
prior art systems by determining how much voltage can be produced at energy
storage element 114 when H-bridge cirouit 104 is operated at maxinmum (50%)
duty cvele and when the voltage supplied by source 102 is at its minimom. Asa
consequence, prior art system 100 only operates near 50% duty cyele during
temporary and unusual circumstances where the voltage at source 10215 at a
minimum. During far more conunon circumstances, when the voltage at source
102 13 st it normal (higher) operating point, system 100 must operate at a
substantially lower and more inefficient duty cycle in order to maintain the correct

DC level at energy storage clement 114

{015} Inventive energy conversion system 400 shown in Fig. 4 constructively
addresses this problem and allows operation at higher duty cycles even during the

corumnon circumstance when the voltage at source 102 i at #s normal operating
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point. It does so by dynamically varying the s ratio in transformer 402,
Primary 404 of transtormer 402 is provided with multiple taps as shown.
Switching circuitry 406 includes four switching elements 408-414 forming an H-
bridge with primary 404, First terminals of switching clements 408 and 414 are
connected {0 primary 404 at taps 420 and 422, respectively. Second terminals of
switching elements 408 and 414 are connected at a node 428, Another two
switching elements 416 and 418 are added, First terminals of switching elements
410 and 418 are connected to primary 404 at taps 424 and 426, respectively.
Second terminals of switching elements 416 and 418 are alse connected at node
428.

[016] Inventive control cireuitry 430 is configured to operate in at least two
modes. In the fivst mode, switching elements 416 and 418 do not conduct at all,
while the H-bridge eircuit formed by switching elements 408-4 14 may operate in a
conventional way such that pairs 408/412 and 410/414 conduct alternately.
specifically, pair 410/414 conducts while pair 408/412 does not, and then pair
408/412 conducts while pair 410/414 does not. In the second mode, switching
elements 408 and 414 do not conduct at all, and pairs 410/418 and 412/418
conduct alternately. Specifically, pair 410/418 conducts while pair 412/416 does

not, and then pair 412/416 conducts while palr 410/418 does not.

{0171 Note that the two sets of switching elements 410/414 and 410/418 both
contain switching element 410, Similarly, the two sets of switching elements
4127408 and 412/416 both contain switching clement 412, Note also that the two
pairs of taps 420/422 and 420/426 both contain tap 420. And the two pairs of taps

420/422 and 422/424 both contain tap 422
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{018} The number of turns between pair of taps 424/422 may be the same as the
number of turns between pair of taps 420/426. The number of turns between pair
of taps 420/422 is greater than the number of turms between sither pair 424/422 or
pair 420/436. Consequently, when control cireuitry 430 is operating in the fiest
mode, the torms ratio of transformer 402 is determined by the turns between taps
420 and 422. But when control circuitry 430 is operating in the second mode, the
turns ratic is determined by ihe turns between taps 420 and 426, or equivalently
between taps 422 and 424, Thus the primarv-to-secondary turns ratio for

e

transformer 402 is greater in the first mode than in the second mode.

(G191 Sense circuitry 432 may be provided to sense the voltage level Vin across
energy source 102, Sense circuitry 432 may provide a control signal 434 to
mdicate the level of Vin to conirol circuitry 430,
{020} State diagram 500 in Fig. § and the waveform shown in Fig. 6 are provided
by way of example to Hlustrate one of numerous beneficial applications for
inventive system 400, Axny suitable means can be emploved to determine the tums
ratio at which the civcuit will be operated initially. In the illustrated example, the
system initializes in start state 502, and control circuitey 430 then enters either
state 504 or 506 depending on whether or not Vin exceeds a voltage threshold
Threshl. (In the illustration of Fig. 6, voltage threshold Threshl is shown between
voltage thresholds Thresh? and Thresh3. In other embodiments, Thresh! may be
chosen differently.} Siate 506 preferably corresponds to the first mode of
operation described above, and state 504 preferably corresponds to the second
mode, such that the primary-to-secondary turns ratio T1 in state 506 is higher than

the primary-to-secondary turns ratio T2 in state 504,
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{021} State 506 would typically correspond to the common case in which Vin is
at o1 near ifs normal operating point. State 504 would typically correspond to the
case in which Vin s lower than normal for some reason, such as i would be
temporarily during a brown owt condition. While in state 508, if Vin is sensed to
drop below Thresh2, the system transitions to state 504 to operate at the lower
turns ratio T2, While in state 504, if Vin is sensed to rise back above Thresh3. the
systerm transitions 1o state 506 to operate at the higher turns ratio TI. When
Thresh3 is higher than Thresh?, hysteresis is provided to help prevent oseillation,

in other embodiments, Threah3 and Theesh2 may be the same.

{022] While the invention has been described in detail with reference to preferred
embodiments thereof, the described embodiments have béen presented by way of

example and not by way of imitation. 1t will be understood by those skilled in the
art and having reference 10 this specification that various changes may be made in

the form and details of the described embodiments without deviating from the

spirit and scope of the invention as defined by the appended claims.

{023} The word™tag’is used herein to refer both to internal taps of a transformer
winding as well as 1o the end terminals of the transformer winding. Although
transformer 402 of inventive system 400 was illustrated herein as having a primary
with four taps, other embodiments may be constructed with more or fewer taps,
and & ¢ ondingly lesser or higher number of switching elemems. For

example, & minimalist embodiment can be constructed using a transformer with
three taps, wherein only one switching element instead of two would need to be
added to the H-bridge arrangement. And further embodiments utilizing more than
four taps can be utilized, with correspondingly more states in control cireuitry 430,

to vary the tums ratio of transformer 402 with a higher degree of resolution.
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10241 Although embodiments of switching circuitry 406 have been illustrated
using FETs as switching elements, any suitable swirching elements may be used.
Moreover, the specific voltage levels (e.g. 400VDC and 300VDC) that were used
to support the discussion hevein were chosen for the sake of example only.
Embodiments of the invention may be designed for any realistic operating points.
tn addition, although transformer 402 was illustrated as & step-down transformer,
embodiments of the invention are not limited to step-down transformers or to
transformers having the specific turns ratio Hlustrated in the drawings.
Embodiments of the invention may be deployed in any appropuiate electrical
system, including switching or other types of electrical power supplies. However,
embadiments of the invention are not limited to DC-DC conversion systems as

iltustrated w Fig. 4. Thus, rectification circuitry 112, energy storage element 114

v-’

and sense itry 118 are not necessary in all embodiments of the invention.

[025] In the appended claims and in the foregoing written description, the words
“tomprising”and“comprises”are to be read in the open sense to mean*fncluding the

foliowing elements but not excluding others?
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What is claimed ¥s:

L. A sysiem, comprising:

a transformer having mukhiple faps on #s primary;

switching circuitry configured to connect an energy source to the taps in at least
two modes such that the transformer operates with a first primary-to-
secondary turns ratio in the first mode and with a second primary-to-
secondary turns ratio in the second mode, wherein the first turns ratio is
greater than the second s ratio; and

control circuitry configured to operate the switching circuitry in the first mode
when a voltage level of the energy source is above a first threshold, and to
operate the switching cireuitry in the second mode when the voltage level is

below a second threshold.

2, The system of claim 1, wherein:
the {irst threshold is higher than the second threshold.
fro g

- R

3. The system of claim 1, wherein:

<

the Srsf and second thresholds are the same.

4, The system of claim 1, wherein the switching cirouitry comprises:

four switching elements arranged as an H-bridge and connected {o the primary at
first and fourth taps; and

two additional swiiching elements connected to the primary at second and third

taps, respectively.
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5. A method, comprising:
hen a voltage level of @ DC energy source exceeds a first threshold, applying the
energy source across at least a first pair of taps of a transformer pr primary
using a first set of switching elements; and
when the voltage level is below a second threshold, applying the energy s
across af least a second pair of taps of the transformer primary using a
second set of switching elements, wherein the faps in the first pair have

more turns between them than do the taps in the second pair.

6. The method of ¢laim 8§, wherein:

the second threshold is lower than the frst threshold.

.

. The method of claim 5, wherein:

the first and second thresholds are the same.

g, The method of claim 5, wherein:
the first and second sets of switching elements include at least one switching

slement common to hot

@, The method of claim 5, wherein;

e

the first and second pairs of taps include at least one tap common to both,
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10, A system, comprising:

a transiormer having at least four taps on its primary;

four switching elements forming an H-bridge with the primary, wherein first
terminals of the frst and fourth switching elements are connected to the
tirst and fourth taps, respectively, and second terminals of the first and
fourth switching elements are connected at a node;

fifth and sixth switching elements, wherein first terminals of the 88 and sixth
switching elements are connected to the second and third taps, respectively,
and second terminals of the §fth and sixth switching elements are
connected at the node; and

a controller configured to operate in af least two modes such that, in the first
made, the fist and fourth switching elements alternately conduct and the
{itth and sixth switching elements do not, and in the second mode, the fifth
and sixth switching elements alternately conduct and the first and fourth do

net.

11, Thesy

6

tem of elaim 10, furthet comprising:

sense circuitry configured to sense a voltage level applied to the H-bridge: and

wherein the controller is configured to operate in the first mode when the voltage
level is above a first threshold, and to operate in the second mode when the

voltage level is below a second threshold,

12, Thesystem of claim 11, wherein:

the first threshold is greater than the second threshold.

i3, The system of claim 11, whereln:

the first and second thresholds are the same.
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14, The systera of claims 10 or 11, wherein:
in the first mode, the transformer operates with a first primary-to-secondary furns
ratio and, in the second mode, the transformer operates with a second

primary-to-secondary turns ratio greater than the first primary-to-secondary

15, The systom of clain 10, wherein:

the system forms a part of a switching electric power supply.
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